Fanconi anemia is a rare hereditary disease showing genetic heterogeneity due to a variety of mutations in genes involved in DNA repair pathways, which may lead to different clinical manifestations. Phenotypic variability makes diagnosis difficult based only on clinical manifestations, therefore laboratory tests are necessary. New advances in molecular pathogenesis of this disease led researchers to develop a diagnostic test based on Western blot for FANCD2. The objective of the present study was to determine the efficacy of this method for the diagnosis of 84 Brazilian patients with Fanconi anemia, all of whom tested positive for the diepoxybutane test, and 98 healthy controls. The FANCD2 monoubiquitinated isoform (FANCDS+/FANCD2L-) was not detected in 77 patients (91.7%). In 2 patients (2.4%), there was an absence of both the monoubiquitinated and the non-ubiquitinated proteins (FANCD2S-/FANCD2L-) and 5 patients (5.9%) had both isoforms (FANCD2S+/FANCD2L+). This last phenotype suggests downstream subtypes or mosaicism. All controls were diepoxybutane negative and were also negative on the FANCD2 Western blot. The Western blot for FANCD2 presented a sensitivity of 94% (79/84) and specificity of 100% (98/98). This method was confirmed as an efficient approach to screen Brazilian patients with deleterious mutations on FANCD2 (FANCD2S-/FANCD2L-) or other upstream genes of the FA/BRCA pathway (FANCDS+/FANCD2L-), to confirm the chromosome breakage test and to classify patients according to the level of FA/BRCA pathway defects. However, patients showing both FANCD2 isoforms (FANCD2S+/FANCD2L+) require additional studies to confirm mutations on downstream Fanconi anemia genes or the presence of mosaicism.
Introduction
Fanconi anemia (FA) is a recessive disease, with either an autosomal or X-linked pattern of inheritance, characterized by chromosomal instability and malformations, with frequent progressive marrow failure and predisposition to develop leukemia and solid tumors later in life (1) (2) (3) .
An increasing number of FA genes have been identified and their allelic products are interconnected with other DNA damage response proteins involved with genomic stability and tumorigenesis (4, 5) . www.bjournal.com.br have a comprehensive diagnosis of this disease (20, 21) .
Considerable progress in the field of FA pathogenesis has resulted from extensive research concerning defects involving FA genes, but the precise molecular role remains elusive. A general model has been proposed for the FA pathway based on the response to DNA after exposure of cells to genotoxic stress or following replication arrests (22, 23) . In brief, eight of the cloned FA genes encode for proteins (FANCA, B, C, E, F, G, L, M), which are part of a large nuclear core complex with multiple subunits and E3 ubiquitin ligase activity (5, 24) . The activation of this complex induced by DNA replication or by DNA-damage results in monoubiquitination of FANCD2, which moves into areas of damaged chromatin to interact with downstream FA members (FANCD1/BRCA2, FANCJ, FANCN) and other DNA-repair proteins such as BRCA1 and RAD51. FANCD2 is the central protein that connects the FA/BRCA pathway to the homologous recombination-mediated DNA repair (18, 19, 23, (25) (26) (27) (28) . The recently identified FANCI protein associates with FANCD2 and is the second monoubiquitinated component of the FA pathway (14, 29) .
A distinctive feature of FA cells is their inability to repair DNA damage induced by DNA interstrand cross-linking agents such as mitomycin C or diepoxybutane (DEB), which are often used as standard diagnostic tests (30, 31) . As mentioned above, a critical regulatory event in the FA/ BRCA pathway is the monoubiquitination of FANCD2 at lysine 561 (22) . A point mutation at amino acid residue 561, which is the site of monoubiquitination, abolishes its ability to correct sensitivity to these chromosome breakage agents. Mutations in any of the upstream FA genes also result in disruption of the FA/BRCA pathway leading to inefficient repair of the lesions and causing many of the clinical and cellular features of FA (23, 26) .
On the basis of these considerations, Shimamura et al. (32) developed a diagnostic screen test for the integrity of the FA pathway. This test is based on the Western blot for FANCD2 where both isoforms of this central protein (monoubiquitinated and non-ubiquitinated) can be distinguished. Furthermore, Soulier et al. (33) proposed an evaluation strategy to detect functional reversion in peripheral blood lymphocytes (PBLs) and to classify FA patients. These investigators showed that comparison of fibroblasts and PBLs using FANCD2 Western blots permits the detection of somatic mosaicism.
Somatic mosaicism in hematopoietic FA cells comes from reversion of inherited deleterious mutations to the normal wild-type allele and it results in the presence of both normal and mutant hematopoietic cells in a single individual (34) .
An improved diagnostic screen test is essential since FA patients may present unique characteristics requiring frequent monitoring and early specific therapeutic interventions. The objective of the present study was to evaluate the efficacy of the Western blot for FANCD2 for the diagnosis of FA in Brazilian patients and to classify these patients according to the level of FA/BRCA pathway defects. We compared FANCD2 phenotypes provided by Western blot to the "gold standard" DEB test parameters, such as chromosomal breakage rate and percent of somatic reversion.
Subjects and Methods

Subjects
Eighty-four patients (75 probands and 9 siblings) referred to the Fanconi Outpatient Clinic (Hospital de Clíni-cas, Universidade Federal do Paraná) from July 2004 to November 2006 were enrolled in the study. All patients were diagnosed as having FA based on clinical manifestations and cellular hypersensitivity to DEB. In the group of 84 patients, 49 (58.3%) were female; median age at the time of study was 11 years (2 to 34 years), median age at the time of diagnosis was 7 years (3 months to 30 years) and age at the beginning of marrow failure was 8.5 years (1 to 24 years).
The hematological status of the patients at the time of this study was defined according to the severity of the bone marrow failure: 13 patients (15.5%) were in stage I = no marrow failure (platelets >100,000/μL, neutrophil >1000/μL, hemoglobin level >10 g/dL), 38 patients (45.2%) were in stage II = early marrow failure (at least one of the following: platelets <100,000/μL and >20,000/μL, neutrophil <1000/μL and >500/μL, hemoglobin <10 g/dL, no transfusions or <20 platelets or red cells transfusions) and 33 patients (39.3%) were in stage III = advanced marrow failure (at least one of the following: platelets below 20,000/μL, neutrophil <500/μL, requiring regular transfusions of red cells or platelets) (2, 35) . The extent of malformations was assessed according to the number of anatomic sites involved: absent (no sites involved) in 10 patients (11.9%), limited (<3 sites) in 46 patients (54.8%) and extensive (3 or more sites involved, at least one deep organ) in 28 patients (33.3%) (2, 35) .
Ninety-eight healthy volunteers with normal blood cell counts, selected among staff of Hospital de Clínicas, Universidade Federal do Paraná, and blood donors from Hospital de Clínicas Blood Bank, were included as controls. Fifty-eight females and 40 males were recruited to match gender with patients. Their age ranged from 17 to 58 years (median = 37 years). The local Ethics Committee approved this study and the peripheral blood samples FANCD2 Western blot as a diagnostic tool for Fanconi anemia www.bjournal.com.br from patients and control subjects were obtained after written informed consent.
Methods
FANCD2 Western blot. This procedure was previously described by Garcia-Higuera et al. (22) and Shimamura et al. (32) as follows:
Isolation of mononuclear cells and primary lymphocytes culture. Peripheral blood mononuclear cells from patients and normal controls were isolated using a FicollPaque gradient (GE Healthcare, United Kingdom). Cells were cultured in RPMI 1640 (Gibco, USA) supplemented with 15% fetal calf serum (FCS), 2 mM L-glutamine, 1% penicillin and streptomycin and stimulated with phytohemagglutinin (Sigma/Aldrich, USA) for 72 h. HeLa cells were grown in Dulbecco's modified Eagle's medium (Gibco) supplemented with 15% FCS. All cell cultures were maintained in a humidified incubator containing 5% CO 2 at 37°C.
Western blot and detection of monoubiquitinated FANCD2. After 72 h of culture, phytohemagglutinin-stimulated mononuclear cells were treated with lysis buffer (50 mM Tris-HCl, 1% Nonidet-P40, 0.1% sodium deoxycholate, 0.15 M NaCl, 10 mM sodium pyrophosphate, 10 mM sodium fluoride, and protease inhibitors) adjusted to a final concentration of 50-100 μg of total protein in sample buffer (50 mM Tris-HCl, 86 mM 2-mercaptoethanol, 2% sodium dodecyl sulfate (SDS), bromophenol blue), heated for 5 min at 96°C and loaded on 7% SDS polyacrylamide gel for electrophoresis. Proteins were transferred to nitrocellulose using a submerged transfer apparatus (BioRad, USA) and transfer buffer (25 mM Tris base, 200 mM glycine, containing 20% methanol). The nitrocellulose membrane was blocked with 5% nonfat dried milk in TBS-T (50 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20) and incubated for 2 h with primary anti-FANCD2 mouse monoclonal antibody (FI17 Santa Cruz, USA) diluted 1:200 or anti-BRCA2 rabbit monoclonal antibody (Ab2; Calbiochem/Immunochemicals, USA) at 1:100 dilution, followed by incubation with the respective secondary antibody (BioRad) linked to horseradish peroxidase. Chemiluminescence was used for detection based on peroxidase oxidation of diacylhydrazide (luminol) liberated from hydrogen peroxide under alkaline conditions (kit ECL -RPN2109 ® , GE Healthcare). Blots were drained and exposed to radiographic films, which showed the presence or absence of bands corresponding to each of the FANCD2 isoforms. The short or small band (S) corresponds to the non-ubiquitinated protein and the long or large (L) band refers to the monoubiquitinated FANCD2 protein. Interpretation of the phenotypes provided by the patterns of the FANCD2 bands is shown in Table 1 (22, 32) .
Chromosome breakage test -diepoxybutane
The DEB test described by Auerbach et al. was used as reference for Fanconi anemia diagnosis (30, 31) . At least 50 cells (25 metaphases with DEB and 25 without DEB) were analyzed for each sample. Results were reported as breaks per cell based on the total number of chromosomal breaks divided by the total number of metaphases analyzed. Rates of breaks per metaphase greater than 1.06 were considered positive for FA. This reference value used by the Cytogenetics Laboratory at Hospital de Clínicas, Universidade Federal do Paraná is that established by IFAR (International Fanconi Anemia Register) (31) . Another parameter provided by the DEB test is the percentage of reverted cells, which are cells without breaks, i.e., DEBresistant PBLs. The percent of reverted cells is calculated as follows: (total number of cells analyzed -number of cells with breaks) x 100 / total number of cells analyzed. Although the presence of large numbers of cells without breaks suggests reversion, this phenomenon must be confirmed by investigating a non-hematopoietic tissue, such as skin fibroblasts, where a positive DEB test is expected. www.bjournal.com.br the absence of the large isoform FANCD2L (Figure 1) . Following DNA damage, the core complex is required for monoubiquitination of FANCD2, which is the central protein of FA/BRCA pathway. Studies by Smogorzewska et al. (14) and Sims et al. (29) suggest that previous monoubiquitination of FANCI is important for subsequent FANCD2 monoubiquitination. The activated isoform of FANCD2 (FANCD2L) is targeted to the nuclear foci where it functions in concert with BRCA1/BRCA2/RAD51 at the sites of DNA damage and repair (23, 25, 37) .
In 2 of 84 patients (2.4%), neither FANCD2S nor FANCD2L was detected in distinct samples obtained at different times (Figure 1) . Western blot for BRCA2 as well as Ponceau staining were performed to exclude protein degradation on samples that showed absence of both isoforms (FANCD2S-/FANCD2L-). These data are similar to those of Soulier et al. (33) who found absence of FANCD2 bands in 5.7% FA patients. This phenotype suggests mutations on FANCD2 that may either alter its level of expression or result on a dysfunctional protein.
Presence of both FANCD2 isoforms was found in 5 of 84 (5.9%) patients (Figure 1 ). FANCD2S+/FANCD2L+ phenotype in patients with a positive chromosome breakage test and FA clinical features suggests deleterious mutation on any of the genes functioning downstream of FANCD2 monoubiquitination. Three complementation groups corresponding to downstream proteins, that play their role after FANCD2 activation, have been identified (FANCD1/ BRCA2, FANCJ and FANCN) (9, 15, 19, 28) . Western blots for BRCA2 were performed on FANCD2S+/FANCD2L+ patients and all of them showed normal expression of this protein. This suggests involvement of other downstream subtypes such as FA-J or FA-N, although molecular investigation is required to definitely exclude defects on BRCA2 gene, which may translate into dysfunctional protein. Previous studies showed that patients belonging to subtypes FA-D1/BRCA2 or FA-N had rapid and severe evolution of the disease with high risks of childhood solid tumors, acute myeloid leukemia and other malignancies (18, 38) .
Another explanation for DEB+ patients with both FANCD2 isoforms is the presence of mosaicism, i.e., the co-existence of genetically distinct hematopoietic populations probably due to reversion of inherited deleterious mutations to wild type (34) (35) (36) (37) (38) (39) 40) . Clinical significance of somatic mosaicism is not well understood. Despite the suggestion of a milder phenotype in these patients, reversion is frequently associated with bone marrow failure and leukemia (39) . The presence of a significant number of reverted cells can mask FA diagnostic tests giving ambiguous or false-negative results (33, 40) . Somatic mosaicism can hide mutations on FANCD2 itself or on
Statistical analysis
The sensitivity and specificity of the Western blot for FANCD2 were estimated considering the DEB test as the "gold standard" reference. The 95%CI was calculated to determine the proportion of inconclusive results by the Western blot. Comparison of FANCD2 phenotypes to DEB test results (breakage rates and percent of somatic reversion) was performed by the non-parametric Mann-Whitney test using the Statistica version 5.1 software (36) . A P value of less than 0.05 was considered to be statistically significant.
Results and Discussion
Results of Western blot for FANCD2 of Brazilian patients with Fanconi anemia and healthy controls are shown in Table 2 . All 98 healthy controls were FANCD2S+/ FANCD2L+ and negative in the DEB test. The 84 DEB+ patients were classified into three phenotypic classes. The majority of patients (77/84; 91.7%), including 68 probands and their respective 9 siblings, were FANCD2S+/ FANCD2L-. This result is in agreement with worldwide data showing that complementation groups of the core complex represents more than 90% of the cases (20,21). Soulier et al. (33) identified this phenotype in 89% of the patients (47 of 53) by FANCD2 Western blot on PBLs and on skin fibroblasts.
FANCD2S+/FANCD2L-phenotype denotes deleterious mutations in any of the genes coding for core complex proteins (FANCA, B, C, E, F, G, L, and M). FANCD2S+/ FANCD2L-patients may also belong to the FA-I complementation group. This subtype has been recently identified and it is likely to function between the core complex and FANCD2 (14) .
Upstream defects on the FA/BRCA pathway result in Table 2 . Table 2 . Table 2 . Table 2 . Figure 1 . Figure 1 . Figure 1 . Figure 1 . Figure 1 . Western blot for FANCD2 can distinguish the ubiquitinated and non-ubiquitinated isoforms of FANCD2. Protein extracts of HeLa cell line, and lymphocytes isolated from healthy controls and from Falconi anemia (FA) patients were submitted to phytohemagglutinin stimulation and to Western blot with a mouse monoclonal antibody to FANCD2. Lane 1 is a HeLa cell line and lane 2 lymphocytes from a healthy control; both showed a normal distribution of FANCD2 proteins, ubiquitinated long form (FANCD2L) seen as an upper band that is 7 kDa larger than the unmodified short form (FANCD2S). In lane 3 no FANCD2 protein was detected in the whole lymphocyte extract from an FA patient suggesting mutations on FANCD2 that may either alter its level of expression or result on a dysfunctional protein, but this must be confirmed by molecular analysis. In lanes 4 and 5, only the unmodified short form (FANCD2S) was detected in the lymphocyte extract from these two patients, compatible with the hypothesis of mutations in any one of the FA genes that correspond to proteins of the nuclear core complex or mutations in the FANCI gene. In lane 6, both the ubiquitinated long (FANCD2L) and the unmodified short (FANCD2S) isoforms were detected in the lymphocyte extract from the patient. This phenotype is consistent with either mutation in one of the genes coding for downstream proteins (FANCJ, FANCD1/BRCA2 and FANCN) or somatic mosaicism, which requires further investigation. Figure 2 . Figure 2 . Figure 2 . Figure 2 . www.bjournal.com.br divided into two groups according to the presence or absence of FANCD2 monoubiquitinated isoform for comparison of FANCD2 phenotypes to parameters of the DEB test (Table 3) . When FANCD2 phenotypes were compared to the % of reversion, there was a significant difference between the two groups (P = 0.006). These data show that the presence of FANCD2L on DEB+ patients may be due to somatic mosaicism of hematopoietic cells. When FANCD2 phenotypes were compared to breakage rates, there was no significant difference between the two groups (P = 0.139). However, breakage rate is not an appropriate parameter to evaluate somatic reversion because it is based on the total number of breaks and not on the number of aberrant cells. Evaluation of the Western blots for FANCD2 as a test for Fanconi anemia diagnosis, using DEB as the reference method, showed 94% sensitivity (79/84) and 100% specificity (98/98).
The high specificity of the Western blot (100%) leads to the conclusion that it is a reliable confirmatory test. The absence of FANCD2L is specific of Fanconi anemia while chromosome breaks may also be detected in other chromosomal breakage disorders, such as Nijemegen breakage syndrome (32, 37) . Results were inconclusive for 5.9% (5/84) of the patients (95%CI = 0.89 to 11.01%) due to a limitation of this method, which is based on the absence of FANCD2 monoubiquitinated isoform (FANCD2S+/ FANCD2L-or FANCD2S-/FANCD2L-). The presence of both FANCD2 bands on the Western blot requires further investigation to identify the disruption on the FA/BRCA pathway. Patients with a high number of reverted cells may also be missed by FANCD2 Western blot as discussed above.
The results of FANCD2 Western blot combined with those of the DEB test permitted the classification of most of the patients enrolled in this study in different FANCD2 phenotypes and facilitated the identification of the level of disruption of the FA/BRCA pathway. Table 3 . Table 3 . Table 3 . Table 3 . Table 3 
